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PREFACE

The National Aeronautics and Space Administration (NASA) and the
Department of Defense (DOD) are actively involved in the development
of a validated technology data base in the areas of control/structures
interaction, deployment dynamics and system performance for large
flexible spacecraft, The generation of these technologies is essential
to the efficient and confident development of this new class of
spacecraft to meet stringent goals in safety, performance and cost.

As a major element of this technology effort, the NASA Office of
Aeronautics and Space Technology (OAST) has initiated the Control of
Flexible Structures (COFS) Program which provides a major focus for
the Research and Technology base activities in structural dynamics and
controls and compiements long range development programs at the Air
Force Wright Aeronautical Laboratories (AFWAL). These activities
provide a systematic approach to address technology voids through
development and validation of analytical tools, extensive ground
testing of representative structures, and in-space experiments for
verification of analysis and ground test methods.

In order to promote timely dissemination of technical information
acquired in these programs, the NASA Langiey Research Center and the
AFWAL will alternately sponsor an annual conference to report to
industry, academia and government agencies on the current status of
control/structures interaction technology. The First NASA/DOD CSI
Technology Conference is the beginning of this series.

This publicatic dis a compilation of the papers presented at the
conference and is divided into two parts. Part I is to be distributed
at the conference and Part Il will be distributed after the
conference.

This publication was expedited and enhanced through the efforts of the
Research Information and Applications Division, Langley Research
Center.

The use of trade names or names of manufacturers in this publication
does not constitute an official endorsement of such products or
manufacturers, either expressed or implied, by the National
Aeronautics and Space Administration.
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CONTRACT SUMMARY

Future spacecraft will be an essential part of the US defense
system and ensuring survivability is critical to the spacecraft
design. Potential threats to the spacecraft include space-based
laser, ground-based laser, and direct ascent nuclear and KEW
(pellet) weapon systems. Many of these systems will be large
in comparison to conventional spacecraft and the requirements for
precision static and dynamic dimensional control are very severe.
Payloads such as IR sensors, RF antennas, etc. must be pointed
very accurately, which requires dimensionally stable support
structures that also have inherent passive damping thus resulting
in precise alignment under static, dynamic and thermal disturb-
ances.

This paper is an overview of work conducted on contract foxr
the Naval Sea Systems Command. The objective of this contract
was to provide direction for the development of high modulus
graphite reinforced metal matrix composites. These advanced
materials can have a significant effect on the performance of a
spacecraft before, during and after an evasive maneuver.

The information contained in this paper is based on a paper
entitled "Spacecraft Survivability by Maneuvering-KEW Environment"
(Reference 1) and the contract final report "Effects of Materials
and Structures on Spacecraft Controls", N00024-83-C-5353
(Reference 2).

TITLE: EFFECTS OF MATERIALS ON SPACECRAFT
CONTROL AND MANEUVERABILITY

OBJECTIVE: ASSESS THE IMPACT OF MMC ON SPACECRAFT
MANEUVERING

CONTRACT MONITOR: MARLIN KINNA
PERIOD OF CONTRACT: SEPTEMBER 1983-MARCH 1985

Figure 1




SUMMARY OF PROGRAM TASKS
The work conducted on this program was organized into seven

technical tasks; Figure 2 provides an overview of the program.
Task 1 was development of a generic Navy spacecraft model.

Finite element models of candidate structural designs were develop-
ed. In Task 2, the finite-element model(s) of the structure

were used to conduct analytical assessments involving conventional
materials, resin matrix composites and metal matrix composites.

In Task 3 and 4, MMC material design, fabrication and evaluation
was conducted. This consisted of generating material designs

and developing a data base for a broad range of graphite rein-
forced MMC materials. All material was procured according

to specifications which set material guality and material prop-
erty standards. In Task 5, a set of evasive maneuvering require-
ments were derived and used in Task 6 to conduct analytical
simulations. These analytical simulations used current SOA
material properties and projected material properties to provide
an indication of key payoffs for material development. In Task

7, a set of material development recommendations was generated.

CONTRACT OVERVIEW

DEFINE GENERIC ITSS SPACECRAFT MODEL

ANALYTICAL ASSESSMENT TO IDENTIFY KEY MATERIAL VARIABLES
AND INITIAL PROPERTY GOALS

DESIGN, PROCURE, TEST AND EVALUATE STATE-OF-THE-ART
METAL MATRIX COMPOSITE MATERIALS

DETERMINE THE EFFECT OF MATERIAL VARIABLES ON MANEUVERING
SPACECRAFT PERFORMANCE '

RECOMMEND DEVELOPMENT PROGRAMS TO OPTIMIZE MANEUVERING
SPACECRAFT DESIGN

MAJOR PROGRAM ACHIEVEMENTS

Figure 2




GENERIC ITSS SPACECRAFT

ITSS was selected for developing a generic spacecraft
model for analytical assessments. A finite-element model of a
generic spacecraft and performance requirements that incorporate
characteristics of the ITSS spacecraft concepts were defined.
The ITSS will be a combination of IR and RF payloads assembled
on one spacecraft. The RF system will be relatively large and
flexible and the IR system will be comparatively rigid. The
combined spacecraft was modeled as an RF antenna with slewing,
pointing, and maneuvering requirements and the IR payload was
assumed to be a rigid mass lumped at the spacecraft bus.
Specific numerical performance requirements and distrubances
for the spacecraft were defined in this task.

Figure 3 illustrates the generic spacecraft model. The
primary components which impact its dynamic behavior are the
antenna dish, the antenna feed, the feed boom, and the spacecraft
bus. The rigid IR payload must meet stringent pointing require-
ments while mounted to these flexible components. The generic
model was defined around the flexible part of the spacecraft,
i.e., the RF antenna. Based on the results of previous space-
based surveillance studies, an RF dish diameter (antenna
aperture) of 30 meters and an operational wavelength of 3 cm were
chosen. The IR payload is treated as a rigid mass and part of
the spacecraft bus. A polar orbit with an altitude of 5600
nautical miles was also specified. The nominal generic spacecraft
weighs approximately 4000 kg.

REQUIRED OPERATIONS

® EVASIVE MANEUVER — 150 NM!,

25 MIKUTES
® SCANNING — 22°, 33 SEC
® STEP-STARE — 45°, 15 SEC

® 30 METER DISH DIAMETER
¢ 30 METER FEED MAST LENGTH
o =4000 KG MASS
Figure 3




MATERIAL EVALUATION

Material design and fabrication development tasks were
conducted wherein a broad range of MMC material variables were
used to develop specimen designs using graphite fibers in
aluminum and magnesium matrices. The materials evaluated in this
program are shown in Figure 4. Two sets of material designs were
evaluated in this program. The initial set of materials were
designed based on data acveloped in previous work. Material
test data developed in Task 4, was used to design the second set
of materials. Materials were procured in flat plate and tube
form and specifications were imposed for all of the fabrication
activities. Batch.acceptance tests were performed on the pre-
cursor wire material prior to proceeding with fabrication pro-
cesses. Diffusion bonding, pultrusion and Rapipress processes
were used to fabricate the material designs evaluated in this
program. A comprehensive fabrication quality assessment task
was conducted where all parts were tested by ultrasonic inspect-
ion methods (C-scan) and photomicrographs were taken.

SUMMARY OF FABRICATED PANELS

Material  Foil Layup Size Manufacturer
Round )

P100/6061 al (0), 8 in. x 8 in. DWA
P55/6061 Al (0)4 8 in. x 8 in. DWA
P55/6061 al (0)y 8 in. x 8 in. DWA
P55/6061 Al (+t16)g 8 in. x 8 in. DWA
PL00/AZ91C Ti (0)2 8 in. x 8 in. DWA
P100/AZ91C Mg (0)y 8 in. x 8 in. DWA
P55/A%291C Mg (0), 8 in. x 8 in. DWA
P55/6061 Al (0), 16 in. x 6 in. MCI
P55/6061 Al (0)4 16 in. x 6 in. MCI
P100/6061 Al (0) 16 in. x 6 in. MCI
P100/6061 Al {0)5 16 in. x 6 in. MCI
P55/6061 Al (£16)g 16 in. x 6 in, MCI
Round 2

P120/6061 al (0), 8 in. x 8 in. DWA
P120/AZ91C Mg (0)2 8 in. x 8 in. DWA
P120/A291C Ti (0)2 8 in. x 8 in. DWA

SUMMARY OF FABRICATED TUBES

Size
Length Material Foil Layup Dia. x Wall Thick. Manufacturer
42 in. P100/A1 Al (0)2 1.071 in. x 0.048 in. MCI
42 in. P100/Mg Mg (0)2 1.067 in. x 0.048 in. MCI
42 in. P120/Al al (0), 1.068 in. x 0.046 in. MCI
42 in. P120/Mg Mg (0)2 1.071 in. x 0.047 in. MCI
18 iin. Pl00/Al Ti (0) 5 1.501 in. x 0.047 in. DWA

Figure 4




SUMMARY OF MATERIAL
PROPERTY TEST DATA

A test matrix was designed to satisfy two objectives. The
first objective was to obtain the necessary data for conducting
analytical performance assessments using the generic spacecraft.
These tests include longitudinal tensile modulus, shkear modulus,
coefficient of thermal expansion and material density. The
second objective was to enhance the material design data base by
obtaining relevant properties essential to conducting a complete
structural design. These properties include longitudinal
tensile, transverse tensile and shear properties. A summary of
the longitudinal tensile testing is summarized in Figure 5.

P100 COMPOSITE MATERIAL
PROPERTIES SUMMARY

MEASURED PROPERTIES
P100/AZ91C P100/AZ94C P100/6061 P100/6061 GROUND WIRE
MATERIAL TI FOIL Mg FOIL Al FOIL Al FOIL
PROPERTY | CALC. [MEASURED| CALC. [MEASURED | CALC. [MEASURED| CALC. MEASURED
LONGITUDINAL
MODULUS (MS) $e.4 53.8 47.2 52.2 49.6 47.5 50.4 48.6
LONGITUDINAL
STRENGTH (KSl) | 155.8] 103.8 154.6| 116.8 147.5]  119.9 150.3 120.2
CTE (IN/IN-°F) +0.207| TBD +0.254] TBD +0.624| TBD +0.575 TBD
V9% - 43.9 - 43.6 - 44.0 - 44.9
DENSITY (PCl) 0.0807] 00783 |o0.0706| o0.0719 | 0.0892] 0.0901 0.0890 0.0889
Figure 5




ANTENNA PAYOFFS FOR
SPACECRAFT MANEUVERING

Development of high specific modulus and high inherent
damping materials can have a significant effect on the
performance of a spacecraft before, during and after an evasive
maneuver. The major effects are illustrated in Figure 6. High
specific modulus reduces the peak amplitude dynamic distortions
and also minimizes total static deformation. High damping
properties result in faster settling time for structural
vibrations. 1In both cases, the time required to reach
operational capability after a maneuvering disturbance is
imposed will be minimized by increasing these material
parameters. As part of this contract, the effects of high
specific modulus and damping loss factor on maneuvering capability
were assessed.

ANTENNA PERFORMANCE PAYOFFS
FOR SPACECRAFT MANEUVERING

MANEUVERING SPACECRAFT HIGH SPECIFIC STIFFNESS

HIGHER Ep

LOWER E/p
OPERATIONAL

_./ REQUIREMENT

IAWAVA

TIME

HIGH DAMPING

HIGHER DAMPING
LOWER DAMPING
OPERATIONAL
REQUIREMENT

LINE
OF
SIGHT

Figure 6




SPACECRAFT STRUCTURAL MASS VS. FIBER MODULUS
(EQUIVALENT PERFORMANCE DESIGNS)

Maneuvering simulations were conducted using the generic
spacecraft design where a large combination of material designs
were evaluated. These simulations are conducted by imposing
disturbances on the finite-element model of the generic space-
craft and then analyzing the resulting response.

Figure 7 shows the effects of improving the fiber modulus
on reducing the structural mass of the vehicle. P100 Gr/Al
with  50% fiber volume (zero CTE) is approximately the state of
the art in graphite reinforced metal matrix composites. Develop-
ing Gr/Mg capability and increasing the fiber modulus to 100
MSI can significantly improve the structural mass characteristics
of the vehicle. This results in reduction in launch weight,
added payload capability, reduced mass on-orbit, etc.

SPACECRAFT STRUCTURAL MASS VERSUS FIBER
MODULUS FOR EQUIVALENT PERFORMANCE
|

800~ ZERO COEFFICIENT OF THERMAL
EXPANSION
a, = 0
800
-
Al
700 -
STRUCTURAL
MASS
(KG) Mg
600 |~
500 |-
|
400 55 100 140 -
FIBER MODULUS (MSI)
Figure 7




MATERIAL EFFECTS ON SPACECRAFT SCAN TORQUE

Reductions in the structural mass of large area structures
results in lower mass moments of inertia. This, in turn, reduces
the scan torque requirements for the vehicle. If P55 Gr/Al
material were used in this design the scan torque requirements
are 6000 N-M which is pushing the state-of-the-art carability
in CMG torque capacity. P100 Gr/Mg would require 4700 N-M
torque which is well within the capability of todays state-of-
the-art actuator torque capacity. This would result in less
risk, lower power requirements, higher reliability and reduced
ACS weight.

SPACECRAFT SCAN TORQUE versus
FIBER MODULUS FOR EQUIVALENT PERFORMANCE

5500 |
Al
- 5000 }
TORQUE Mg
(N-M)
4000 . - ‘
55 100 140

FIBER MODULUS (MSI)

Figure 8




SUMMARY

Unidirectionally reinforced metal matrix composites are
ideal for application to large truss structures in space. They
are attractive for use when thermal distortions are critical, and
in addition, their extremely high stiffness to weight ratio suits
them for use in dynamic environments. Structural designs based
on the use of very high modulus MMC will be lightweight and may
enable operation during an evasive maneuver without the need for
structural control systems. The use of metal matrix composites
can reduce structural mass and inertia, requiring smaller
maneuvering thrusts and scanning torques, and resulting in
additional fuel and actuator weight savings.

REFERENCES

1. Davis, William E.; Levin, Richard N.; and Lesieutre,
Geoxrge A.: Spacecraft Survivability by Maneuvering -
KEW Environment, Sixth Metal Matrix Composites Technology
Conference (Monterey, CA.) May, 1985

2, Effects of Materials and Structures on Spacecraft Controls.

HR Textron SED CR 850001 (NSSC Contract No. N00024-83-C-5353),
Apr. 1985.
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MISSION AND APPROACH

The Navy Remote Ocean Sensing System (N-ROSS) sacellite will be
launched in 1990 to provide the Navy with the operational capability to
measure sea surface parameters on a worldwide year-round basis in all weather
conditions. The satellite will carry four primary instruments, two active and
two passive, in a low-earth sun-synchronous orbit. The radar altimeter,
similar to the instrument currently flying on GEOSAT, will measure absolute
altitude above the geoid and will contribute to the determination of wave
height. The scatterometer, an evolutionary design derivative of the SEASAT
instrument, will be capable of both wind speed and wind direction measurement.
The microwave imager (or SSM/I) and the Low Frequency Microwave Radiometer are
passive scanning instruments, the first operating at 19.3, 22.2, 37.0 and 85.5
GHz, and the second at 5.2 and 10.4 GHz. The SSM/I, currently under
development for the DMSP program, will measure water vapor and map sea ice
edges. The LFMR is a new instrument design that will measure sea surface
temperature tc better than 1°C, to contribute to the mapping of currents,
fronts and eddies in the ocean surface structure,

THE N-ROSS SATELLITE MISSION:

MEASURE SEA SURFACE PARAMETERS OVER 95% OR MORE OF
THE WORLD'S OCEANS UNDER ALL WEATHER CONDITIONS

THE APPROACH:

LOW FREQUENCY SURFACE _ OCEAN
MICROWAVE RADIOMETER TEMPERATURE > FORECASTING
FRONTS
SONAR
ALTIMETER CURRENTS
EDDIES PROPAGATION
ASW
| »
[ MICROWAVE IMAGER] > AP ROUTING
WATER VAPOR &
PRECIPITATION
WIND AIR OPERATIONS
_
| SCATTEROMETER| » ™\ SPEED STORM FORECASTING

Figure 1




BASELINE N-ROSS CONFIGURATION

To evaluate the feasibility of the N-ROSS mission, a baseline vehicle
design was developed during 1984 and 1985 as a derivative of the DMSP
satellite design. An end view of this design, shown in Fig. 2, includes a
fixed solar array attached to the far end, the SSM/I mounted on the top of the
main structure, the altimeter (and a Doppler beacon antenna) on the bottom or
earth-facing surface, and the scatterometer antennas to the right of the main
structure. Clearly the most mechanically complex imstrument is the LFMR,
incorporating a nearly 22 ft. deployable truss structure (DTS) antenna, two
deployed support booms and a radiometer electronics package all spinning at
15.8 rpm. The spin drive motor is mounted at the outboard end of an 8 ft,
deployed spacecraft boom, required to provide non-interfering fields-of-view
for all four sensors on the three-axis-stabilized vehicle,

NROSS/LFMR
BASELINE CONFIGURATION (DEPLOYED)

» Mechanical coupling of reflector/teed synchronization

|

o

UPPER REFLECTOR
BOOM

DTS l
REFLECTOR
BOOM
s HINGE
'l ) LOWER
SPIN REFLECTOR
AXIS BOOM
RF ELECTRONICS z =0 o
BOX i
SPACECRAFT
BOOM
Figure 2
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DYNAMICS AND CONTROL CONCERNS

The flexibility of the LFMR and the other appendage structures,
together with the active spin drive system and the 0.05 deg pointing knowledge
requirement for the LFMR sensor boresight, combine to immediately identify
control-structure interaction as a technology issue in the N-ROSS baseline
design. Figure 3 highlights some fundamental concerns involving the dynamics
and control performance of flexible satellites. These issues are common to
most satellite concepts incorporating large lightweight flexible components,
even those which do not spin, and they were considered significant in the
baseline N-ROSS design.

FUNDAMENTAL CONCERNS WITH
THE DYNAMICS AND CONTROL OF FLEXIBLE SPACECRAFT

MOTION OF THE FLEXIBLE STRUCTURES CAN DESTABILIZE
ATTITUDE CONTROL SYSTEM

ATTITUDE CONTROL SYSTEM CAN EXCITE STRUCTURAL
RESONANCES

EXTERNAL DISTURBANCES CAN EXCITE STRUCTURAL
RESONANCES

STRUCTURAL FLEXIBILITY ALGNG WITH INHERENT ERROR
SOURCES CAN DEGRADE POINTING PERFORMANCE BEYOND
THE SPECIFIED VALUE

Figure 3




ADDITIONAL N-ROSS ISSUES

The design and concept of operations for the baseline N-ROSS design
raises several specific issues, related to control-structure interaction, but
not typically addressed in the development of technologies for the control of
large space structures. While the LFMR is designed to operate at a constant
spin rate, the initial spin up (and contingency despin) of the sensor raises
concern that it might act as a frequency sweep disturbance input to the
spacecraft, with the potential to excite structural resonances up to 0.26 Hz
(15.8 rpm). Additionally, the LFMR antenna and support booms are expected to
deform measurably under centrifugal forces when spinning (which is taken into
account in the design, so that the deformed configuration has the desired
geometry). The deformation will result in a change in mass properties,
thereby inducing both a static and a dynamic imbalance. This then is expected
to lead to a requirement for an on-orbit balance mechanism. Finally, the
momentum of the LFMR and the SSM/I are each proposed to be compensated by a
separate momentum wheel controlled independent of the reaction-wheel-based
attitude control system. These separate control loops, all coupled through
the vehicle rigid body dynamics, can lead to a system which cannot be
guaranteed to be stable for all inputs.

ADDITIONAL CONCERNS SPECIFIC TO N-ROSS

SPIN-UP OPERATIONS MAY SWEEP STRUCTURAL RESONANCES

LFMR MAY REQUIRE ON-ORBIT BALANCE TO COMPENSATE FOR
STATIC DEFLECTIONS UNDER SPIN

MOMENTUM COMPENSATION REQUIRES SEPARATE CONTROL LOOP

Figure 4
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DYNAMICS AND CONTROL CONTRIBUTORS

Many aspects of the N-ROSS baseline design have the potential to
contribute to a control-structure interaction problem for this vehicle.
Figure 5 summarizes the most significant of these. They include interacting
flexible structures and rotating instruments and devices on the vehicle,
independently designed and implemented control systems that are coupled
through either vehicle dynamics or structural dynamics, and external
disturbances that have the potential to degrade pointing performance and even
destabilize the attitude of the satellite.

CONTRIBUTING SOURCES

FLEXIBLE STRUCTURES ROTATING COMPONENTS
LFMR Reflector and Booms LFMR
LFMR Deployment Boom SSll
NSCAT Antennas Momentum Compensation Assemblies
Solar Array Reaction Wheels
CONTROL SYSTEMS OTHER DYNAMICS
Attitude Control Thruster firing
LFMR Drive System Deployment sequences
SSMIl Drive System External torques
MCA Drives

Figure 5




STATIC AND DYNAMIC BALANCE

The static and dynamic balance of a deformable spinning instrument such
as the LFMR warrants special examination. In balancing a rigid spinning
device (such as the SSM/I), the static and dynamic balance can be performed
sequentially. In a nonspinning state, the center of mass can be adjusted to
lie on the spin axis. The dynamic balance can then be achieved by spinning
the sensor, and symmetrically adjusting ballast mass to eliminate (or reduce)
the cross-products of inertia with respect to the spin axis. For the SSM/I,
this will be accomplished in ground test prior to imntegration with the
satellite.

For an asymmetric flexible structure such as the LFMR, the center of
mass and inertias of the structure will change with spin rate, and the
alignment of both the center of mass and the principal inertia axis can only
be accomplished after the instrument is spinning. These same mass properties
also vary between a one-g and a zero—g environment, and between atmosphere and
vacuum. This leads to a requirement for either extensive testing coupled with

simulation to extrapolate to on-orbit conditions, or an active method of
achieving instrument balance once the vehicle is in orbit.

FOR A RIGID STRUCTURE
STATIC - PLACE C.G. ON THE SPIN AXIS
DYNAMIC - ALIGN THE PRINCIPAL INERTIA AXIS WITH SPIN AXIS

FOR A FLEXIBLE STRUCTURE
C.G. AND INERTIA AXES WILL MOVE AS INSTRUMENT IS SPUN UP

BOTH "STATIC" AND "DYNAMIC" BALANCE MUST BE ACHIEVED
AT FULL SPIN RATE

Figure 6
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DYNAMIC STABILITY STUDY

In response to the recognition that control structure interaction was a
technology driver for the N-ROSS baseline satellite design, the Naval Research
Laboratory was commissioned in September 1985 to lead a six month effort to
evaluate the N-ROSS/LFMR configuration., A Dynamic Stability Study would focus
on the baseline configuration, assuming a design frozen to that detailed in
the April 1985 conceptual design review. The study objectives are recounted
in Fig. 7.

OBJECTIVES:

DEVELOP INTEGRATED FLEXIBLE BODY STRUCTURAL DYNAMICS
AND CONTROL SIMULATION OF THE ON-ORBIT N-ROSS CONFIGURATION

DETERMINE ATTITUDE STABILITY IN SPIN-UP AND STEADY-STATE
OPERATION OF THE LFMR

ASSESS THE CONTRIBUTION OF STRUCTURE AND CONTROL
INTERACTIONS TO LFMR BORESIGHT POINTING

EXAMINE OFF-NOMINAL CONDITIONS TO DETERMINE CONTROL
MARGINS AND PARAMETER SENSITIVITIES INHERENT IN THE
BASELINE DESIGN

Figure 7




DYNAMIC STABILITY STUDY PARTICIPANTS

The original organization of the study called for two independent teams
of investigators, using software tools and simulation techniques of their own
choosing but considering a common design database, to each assemble an
integrated simulation capable of addressing the four study objectives. The
original teaming arrangements paired RCA with Aerospace Corp. and Harris with
Cambridge Research. During the course of the study the government announced
its intention to competitively procure the N~ROSS satellite; at that point
Harris and RCA chose to voluntarily cease further participation in the study.
Using control system and structural models previously developed by these two
participants, the two remaining team members continued to develop the
integrated simulations. The MULTIFLEX code was developed internally at
Aerospace for this purpose, while Cambridge Research employed the DISCOS code
originally developed at Martin Marietta for NASA Goddard Space Flight Center.

RCA ASTROELECTRONICS
Provided vehicle structural models

Provided attitude control system model

HARRIS GASD
Provided LFMR structural mode!

Provided drive motor and MCA control models

AEROSPACE CORP.

Developed integrated simulation using MULTIFLEX

CAMBRIDGE RESEARCH
Developed integrated simulation using DISCOS

Figure 8
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COMMON ASSUMPTIONS AND GROUND RULES

The two remaining study participants continued their work indepen-
deatly, with the Naval Research Laboratory maintaining a common and consistent
set of model data to be used by both parties. NRL also provided resolution of
modeling issues raised by the participants and defined the scope and
limitations of the simulations and analyses to be performed.

Figure 9 lists the principal modeling assumptions. The number of
structural modes included for each of the flexible components, together with
the total number of states in the simulation, are listed to the right. These
are taken from the Aerospace simulation; Cambridge Research employed two
models -~ the first with 63 states modeled only the LFMR as flexible, the
second included all flexible appendages and contained 109 states.

(modes included)
Rigid spacecraft bus

Detailed attitude determination and contro! subsystem
model - reaction wheel control loops, sensor dynamics, etc

Flexible scatterometer antenna model 6 modes
Flexible LFMR support boom models 2 modes
Flexible LFMR antenna model 5 modes

LFMR momentum compensation assembly model
Fixed flexible solar array model 5 modes
Fixed rigid SSM/l model

Orbital pitch rate included in dynamics

51 vehicle states
15 control states

66 total states

Figure 9




FREQUENCY CHARACTERISTICS

The frequency characteristics of the April 1985 baseline design are
summarized in Fig. 10. The most significant concerns, and those which
received careful examination during the course of the study, were the coupling
of the LFMR spin frequency and the lower solar array modes with the attitude
control loop, specifically the digital filter. Since the spin rate is well
below the vehicle rate determination sampling frequency, it was anticipated as
well that an imbalance of the LFMR would be observable as amn attitude
disturbance by the attitude determination software.

CONTROL/STRUCTURES FREQUENCY CHARACTERISTICS

ACS BANDWIDTHS

GYRO
DIGITAL FILTER

F< 2244 HZ

[F<oshz |

RATE DETERMINATION SOFTWARE

REACTION WHEEL

F<5HZ
F > 0.000265 HZ

SYSTEM MODE FREQUENCIES

LFMR SPIN RATE
SOLAR ARRAY MODE FREQS.
LFMR MODE FREQS.

SCATTEROMETER MODE FREQS.

SUPPORT BOOM MODE FREQS.

, 0.576, 0.723, 1,08, 1.37
1.67, 1.89, 2.72, 5.08, 6.05
4.98, 5.08, 36.5, 43.9, 75.4
14.1, 15.1

Figure 10
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ISSUES CONSIDERED

The development of extensive integrated countrol-structure simulations
provided the opportunity to examine a wide range of issues of concern in the
baseline design. The list of issues exXamined, summarized in Fig. 11, attests
to the capacity of such simulations to go far beyond the relatively straight-
forward task of demonstrating stability and determining overall steady-state
structure and control performance. Such simulations can be used effectively
to refine the design for a particular concept. Results of the N-ROSS
simulations led directly to recommendations for revised LFMR imbalance
specifications and improved values for attitude control subsystem loop gains.

INDIVIDUAL ISSUES EXAMINED USING INTEGRATED SIMULATIONS

STEADY - STATE VEHICLE AND SENSOR POINTING PERFORMANCE
EFFECT OF STATIC AND DYNAMIC IMBALANCE ON ATTITUDE STABILITY
EFFECT OF SPIN RATE ON STATIC AND DYNAMIC IMBALANCE
SENSITIVITY OF BALANCE TO BALANCE WEIGHT MOVEMENT

LFMR, SCATTEROMETER AND SOLAR ARRAY DEFORMATION
MOMENTUM MISMATCH EFFECTS

SPIN AXIS MISALIGNMENT EFFECTS

THRUSTER DISTURBANCE EFFECTS

SPIN-UP DYNAMIC PERFORMANCE

Figure 11




CONCLUSIONS AND OPEN ISSUES

As a result of these efforts, the N-ROSS Dynamic Stability Study team
concluded by consensus that the frozen April 1985 design was viable and
contained no “show stoppers"”, although it was also clear from the study
results that the configuration required further optimization. While the
frozen N-ROSS configuration used has since been superceded, and the vehicle is
now under competitive procurement, several other results remain from the study
that will have lasting value to the N-ROSS program. The importance of
constructing an integrated simulation, to serve as a design and verification
aid, has been clearly established. The two team approach to the study
afforded tue Navy a higher degree of confidence in the results than could have
been accomplished by a sinzle simulation, and the approach led to results that
highlighted subtleties in the model and simulation development that surely
would have been overlooked without -the benefit of an independent companion
simulation with which to compare.

CONCLUSIONS

.N-ROSS APRIL 1985 BASELINE DESIGN EXHIBITS NO
SHOW-STOPPERS WITH RESPECT TO DYNAMIC STABILITY
OR CONTROL STRUCTURE INTERACTION

ALL ISSUES UNCOVERED DURING THE STUDY CAN BE RESOLVED
THROUGH APPLICATION OF GOOD ENGINEERING DESIGN PRACTICES

OPEN ISSUES

DEPLOYMENT DYNAMICS AND STABILITY

DEPLOYMENT MECHANISM DESIGN AND JOINT STIFFNESS
THERMALLY INDUCED EXCITATIONS

SPIN-UP / SPIN-DOWN SCENARIOS INCLUDING TORQUE SHAPING
ON - ORBIT BALANCE MECHANISM DESIGN

BALANCE ALGORITHM DEVELOPMENT

Figure 12
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INTRODUCTION

A number of future DOD and NASA spacecraft such as the space based radar will be not
only an order of magnitude larger in dimension than the current spacecraft, but will
exhibit extreme structural flexibility with very low structural vibration frequencies.
Another class of spacecraft (such as the space defense platforms) will combine large
physical size with extremely precise pointing requirement. Such problems require a total
departure from the traditional methods of modeling and control system design of
spacecraft where structural flexibility is treated as a secondary effect. With these
problems in mind, the Air Force Rocket Propulsion Laboratory (AFRPL) initiated research

to develop dynamics and control technology so as to enable the future large space
structures (LSS).

AFRPL's effort in this area can be subdivided into the following three overlapping areas:
(a) Ground Experiments, (b) Spacecraft Modeling and Control, and (c) Sensors and
Actuators. This paper summarizes both the in-house and contractual efforts of the
AFRPL in LSS. However, only Air Force funded programs are discussed, ongoing
Strategic Defense Initiative Office funded efforts are not covered in this paper.

Ground Experiments

* Spacecraft Slew

* Vibration Control

* Shape Determination & Control
* System Identification

Spacecraft Modeling & Control
* Deployment Dynamics
* System Identification
* Modeling & Control

Sensors & Actuators

* Distributed Piezoelectric Actuation
* Distributed Fiber Optic Sensor

Figure 1.
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SLEWING AND VIBRATION SUPPRESSION FOR FLEXIBLE STRUCTURES

A number of future DOD and NASA space systems will require rapid slewing
(retargeting) of the spacecraft. The large moment of inertia of such spacecraft coupled
with rapid retargeting requirement results in slew torque requirement of 105 - |06 Nm.
Currently only ON-OFF reaction control system thrusters can provide the large torque
required, however, ON-OFF thrusters by their very nature have the tendency of
significantly vibrating the structure. The objective of this project was to develop control
laws using thrusters for spacecraft slew which minimize structural vibration and
demonstrate the theory on a ground experiment,

The experimental set-up consists of a rigid hub on which four flexible appendages
are mounted. The hub is mounted on an air bearing table, thus allowing it to rotate freely
about the vertical axis. %Ib control thrusters are mounted in pairs on the ends of two

arms. Sensors consist of a hub angle resolver and 4 accelerometers, one on each arm (fig.
2).

Structure
Control
Experiment....

Figure 2.
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SLEWING AND VIBRATION SUPPRESSION USING ON-OFF THRUSTERS

In the initial set of experiments, the thrusters were used to perform |5-degree slew
maneuvers. A computer simulation program was developed to predict the performance of
the control system, Fig. 3 shows the performance of the controller for one of the tests
(ref. 1). The solid lines correspond to the simulation results whereas the dots are the
experimental results. The figure gives the response of the first three modes (Y| - hub
rotation in degrees; Y2, Y3 - amplitude of first and second vibration modes inmilli g,
respectively).

The experiment demonstrated that ON-OFF thrusters can be used for rapid slew of
flexible space structures while minimizing structural vibration. However, the exclusive
use of thrusters limits the performance of the control system in the terminal phase of the
slew maneuver. This is because of the minimum impulse bit of the thruster system, thus
any attempt to dampen structural vibrations below a particular energy level throws the
control system into limit cycles. One way of overcoming this problem is to include small
linear actuators in the control system. This was confirmed by computer simulations.
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SLEWING AND VIBRATION SUPPRESSION FOR FLEXIBLE STRUCTURES

One of the conclusions of the earlier study was that vibration control o i
spacecraft structure during slew can be s)i,gnificanfly improved when linf:acfrh eac]:‘ljg’:li)gﬁ
devices are used in combination with thrusters. In the current effort both lumped and
dus.frlbufed linear actuators will be used. Control laws are currently being developed
which use, along with ON-OFF thrusters, the hub motor, four bi-directional proof mass
actuators (one on the tip of each flexible arm) and piezoelectric film as a distributed
vibration suppression actuator on all four arms.

Flexing Structure Slew Control

* Generalized Slew Conrtrol
: Verified Controller Design Methods Using the AFRPL/CSDL Experimental Structure
Suggested Using Linear Aciuators Combined with On-Off Thrusters

Linear Torquer Slew Control

* Develop Theory for Combining Linear Actuation Devices Such as
Proof-Mass Actuators and CMG's With On-Off Thrusters

* Demonstrate Hybrid Controller Theoty Through Analysis and Simulation

* Validate Controller Theory Using AFRPL/CSDL Expetimental Structure

Piezoelectric Distributed Actuator

* Develop Theory for Employing a Piezoelectric Film as a Vibration Controller

* Combine Piezoelectric Film for Vibration Control with On-Off Thrusters,
Proof-Mass Actuators and CMG's for Slew Control

* Validate Theory on AFRPL/CSDL Experimental Structure

Figure 4.
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ADVANCED DISTRIBUTED PIEZOELECTRIC ACTUATOR

One of the most exciting concepts for structural vibration control is the use of a
piezoelectric film as a distributed actuator. The concept consists of a thin (~ 3x10-Zmm
in thickness) polyvinylidene floride film polarized in one direction. The film elongates or
contracts in the polarized direction depending on the magnitude and polarity of the
voltage applied across its nickel plated faces (fig. 5). The strain occurs over the entire
length of the film, thus making it a truely distributed actuator. This actuator provides
the possibility of controlling all the modes of the system, thus avoiding the problem of
spillover of the uncontrolled modes (ref. 2).

Preliminary testing of the actuator concept were done on a |5cm long cantilevered steel
beam. Fig. 5 compares the performance of two active control logics with the open loop
decay of the vibrations, The constant-amplitude controller {a nonlinear controller)
provided double the damping of the uncontrolled system for large vibrations, For small
vibrations the controller performed extremely well, increasing the damping by a factor of
40 over the uncontrolled system for small vibrations.

PVF, Properties

Nickel Plating ] Thickness 28 X 1073 mm
V(x) 9 2
PVF2 Polymer | Modulus, E 2.0 X 10Y Nm
Density 1800 kgm™3
2.0 o
/UNCONTROl.l,hD BEAM
. CONSTANT GAIN CONTROLLER (V max = 100 VRMS)
1.0 CONSTANT AMPLITUDE CONTROLLER (V max = 100 VRMS)
0.5 |
amplitude of 0.2 F
tip displacement '
0.1 T
0.05 }
0 10 20 30 40 50
time (sec)
Figure 5.
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ADVANCED LARGE SPACE SYSTEM SENSOR DEVELOPMENT

Another concept which has the potential of high payoff is the possibility of using a fiber
optic waveguide as a lightweight distributed sensor. A short and intense pulse of laser
light is injected into one end of the fiber. The forward traveling pulse is continuously
backscattered towards the source due to Rayleigh scattering. Observation of the
Rayleigh backscattered energy is made by placing a beam splitter between the fiber and
*he source and directing the returned energy at a high speed detector. The fiber is bonded
fo the structure whose deformation is to be monitored. The fiber is made to pass through
a small transducer (see fig. 6) at the locations in the structure where the bending is to be
determined. The transducer pinches the fiber thus reducing the return signal from that
point. The reduction in the return signal is proportional to the ‘structural bending.

Currently the AFRPL is funding a proof of concept demonstration of the lightweight
distributed sensor,

¢ Demonstrate Feasibility of Distributed
Fiber Optic Deflection Sensor

. U ot A

ey
Asd,
f)

-+

V- %"

-

¢ Lightweight Distributed Sensor

Figure 6.
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3-DIMENSIONAL SHAPE CONTROL EXPERIMENT

The objective of this effort is the demonstration of selected shape determination and
control technology for future flexible structures using a physical structure in a laboratory
environment,

The test article consists of an umbrella-like structure with 10ft long ribs and a 12ft long
boom. The neighboring ribs are connected to each other through a pair of tension wires so
as to provide coupling. The article is rigidly supported at the center to the backup
structure, also each rib is levitated to offset the effects of gravity. The levitation system
allows the ribs to freely flex in a vertical plane. An excitor in the feed will be used to
introduce noise in the structure. Multiple sensors and actuators such as the SHAPES
sensor under development at the Jet Propulsion Laboratory, rib control force actuator, 2-
directional displacement sensor on the feed, etc., will be attached to the structure. The
experiments to be conducted under this effort include (a) static shape determination, (b)
dynamic model identification, (c) transient regulation by distributed control, and (d)
parameter error and model truncation compensation using adaptive control techniques.

¢ Demonstrate Sensing and Control of a Lightweight Antenna Structure

e Estahlish Standard Test Bed for 3D Structure Gontrol

Support )
Column

l Assembly (2/rib)

Rib Control Force
Actuator (1/rib)

SHAPES Target
(votal 16 targets)

10' rib

Tension Wires

2-axis Hub Torquer and
Angular Position Sensor

Feed Excitor and 2-direcLional|[™_ 12' Flexible Boom

Displacement Sensor
Ej._— Feed

> Levitator-Position Sensor

¢ Reduce Risk for Space-hased Radar

Figure 7.
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IN-HOUSE EXPERIMENTS IN CONTROL AND IDENTIFICATION

The objective of the recently initiated in-house experimental effort is fo provide the
AFRPL with the capability of (a) verifying new parameter identification and control
methods being develored and (b) performing a quick feasibility check on new innovative
ideas prior to substantial investment in that area. Most importantly, this facility will be
made available to university faculty and DOD contiactors for conducting experiments.
The details of the means through which the facility can be made available are currently
being worked on.

The approach involves designing the control system on a control design software package
(e.g., MATRIX) and then directly implementing it on a desktop real-time controller. In
this approach, the control system is down loaded to the controller and implemented in a
matter of minutes without the engineer having to program the controller.

In the immediate future, the plan calls for testing the optimal sensor location logic for
unique identification (being developed under a separate effort) on a 2-dimensional grid
structure. Also work has just begun on a new {acility with a test stand which is anchored
directly to the bedrock and isolated from the rest of the structure to minimize vibrations.
This facility should be available for use in roughly one year. In addition, AFRPL has a
number of vacuum chambers of various sizes, the largest one being 30 ft in diameter.

WHY:

* Provide Feasibility Check on New Ideas
* Provide Test Bed for Control & Identification Logic Developed for AFRPL
* Provide an Equipped Facility for University Faculty/Students

HOW:

* Use Simple 1, 2, & 3-D Structures

* Use Design Software Coupled with Real~Time Control/System
Identification Hardware for Rapid Turnaround

* Up to 30ft Diameter Vacuum Chambers Available

. CURRENT PLAN:

* Cantilevered Beam & Grid Structure
* Use MATRIX,, + Real-Time Controller
* Experiments

* System Identification , Vibration Suppression , New Sensor & Actuator , ...

Figure 8.
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DEPLOYMENT DYNAMICS OF LARGE SPACE STRUCTURES

A number of future spacecraft such as Space Based Radar (SBR) will be packaged into a
compact structurally dense form for launch, and the spacecraft will automatically unfold
to the operational state once in orbit. The anticipated large structural size ( > 30
meters) coupled with extreme structural flexibility precludes extensive ground testing of
the deploying process. An alternate approach to obtain confidence in the spacecraft
deployment is to simulate the dynamics on a computer.

None of the currently available computer programs can simulate the deployment of a
large class of spacecraft. For deployment studies, DISCOS has proven to be
computationally inefficient and requires significant modifications for each application.
Since 1982, AFRPL has made significant investments for the development of a general
purpose spacecraft deployment prediction code.

State-of-the-Art e ———————
® Analysis
» Dynamic Interactive Simulation of Controls and Structures (DISCOS)
® Requires Significant Modification for Each Application
¢ Computationally Inefficient
¢ Experiments
® Ground
® Mostly Limited to Simple Structures/Elements (hy Size)
¢ Terrestrial Effects also Liniit Utility
® Space Experiments from Shuttle in FY89

Technology Payoff
¢ Deployment Simulation ® Reliable and Accurate Gomputer
of Large Space Systems Simulation of Large Space Systems

to Minimize Numbher of Tests
Required on any Given Structure

Transition Target
¢ Space Based Radar

Figure 9.




LARGE SPACE STRUCTURE DEPLOYMENT DYNAMICS

AFRPL's initial study in the development of a deployment dynamics computer program
consisted of two major tasks. In Task 1, a new mathematical formulation for simulating
the deploying process was developed and a preliminary design of the software architecture
was laid out. In Task 2, a pilot computer program was developed to test the mathematical
formulations. The computer program is not a general purpose code and is set up to
simulate the deployment of the Grumman bicycle wheel SBR concept only (see ref. 3 for
details). In its present form, the code is fairly computer intensive, requiring four hours of
CPU time on a VAX [1-750 computer for a 4310 second deployment simulation. The
spacecraft was modeled as consisting of eight tubes and eight bridges. The deployed
portion of each gore (the radar reflector) was replaced by two cables. Eight stays (four
each connected to the upper and lower ends of the hub) provide stiffness fo the structure
and can stabilize the deployment. In the current version of the code, torsional springs
between the bridges and tubes are the source of energy for deployment. An alternate
approach is to use motors instead of springs.

Time = 0 sec Time = 1500 sec

Time = 3000 gec Time = 4310 sec

Figure 10.
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DEPLOYMENT DYNAMICS SOFTWARE DEVELOPMENT

The objective of the ongoing program is to develop a general purpose computer code for
simulating the deployment dynamics of a large class of future space structures. The
effort consists of 5 major tasks. In Task 1, future DOD and NASA missions will be
reviewed for their deployment needs. Also an assessment of the state of the art in
deployment technologies will be made. In Task 2, which is the heart of the effort,
extended modeling capability such as active hinge point control and mass flow modeling
will be incorporated in the code. The program will have the capability of evaluating the
impact of distributed environmental disturbances such as gravity gradient, magnetic ficid
torques, ein, on the deployment process. The capability of linearizing the nonlinear
system aboui an operating point of interest so as to study the system stability will be
provided. Also an entanglement indicator in the form of a post processor shall be
developed. A host of extended software features will be incorporated in the code under
Task 3. This is to include common [-O structure, restart capability, CAD interfaces and
graphics outputs, etc, Task 4 shall investigate the impact of nonlinear structures effects.
Techniques for generating open and closed loop deployment sequences shall be developed
under Task 5, Also under this task the closed loop response of a number of test examples
will be generated.

Deployment State-of-the-Art Assessment

Extended Analysis and Modeling

* Active Hinge Point Control
* Mass Flow Mocdeling Capability

*

Distributed External Enviroinment Effects

*

Entanglement Indication

* Stability Analysis
extended Software Features
Nonlinear Structure

Contro! of Deployment

* Open & Closed Loop Deployment
* Test Examples

Figure 11.




ON-ORBIT SYSTEM IDENTIFICATION

The design of high precision vibration and pointing control systems for future large space
structures will require an accurate mathematical model of the plant, Currently
mathematical models are obtained using either distributed or lumped parameter methods.
In the latter category, finite element modeling codes (e.g., NASTRAN) have become very
popular.,  However, unmodeled variations in the physicai/material properties and
-unmodeled nonlinearities such as joints result in large errors in the frequency and shape
of the higher modes. For the current class of spacecraft, extensive ground based modal
testing can be done to validate/update the mathematical model. However, for future
large space structures, the large physical size coupled with in some cases extreme
structural flexibility will preclude accurate ground based parameter identification tests.
A solution to this problem, which has gained popularity, is to perform on orbit system
identification. Currently there are available a large class of methods which have been
used for ground based parameter identification of diverse plants. It is, however, not clear
which of these methods, if any, could be adapted to perform on-orbit system
identification. With this in mind, AFRFL funded a study with the American Society of

- Civil Engineers. This study (being performed by a committee of experts in the area of
system-identification) will identify areas requiring future effort.

Need: Accurate System Model a Must for
Precise Pointing and Control of LSS

Problems in Structural Modeling
No Information on Modai Damping
Higher Modal Frequencles in Substantial Error
Unmodeled Vatiations in Physical and Material Properties
Unmodeled Nonlinearities Such as Joints

Probiems in Ground Testing
Difficult/tmpossible i¢ Test Flexible LSS on Ground

Gravity Bias
Atmosprieric Effacts

A Solution: On Orbit System Identification

Figure 12.




NONUNIQUENESS IN IDENTIFICATION

Mathematical modeling of dynamic systems involves the creation of a model by the
analyst and prediction of the response of the system to given excitations. The idea is to
measure the dynamic responses for the same inputs and update the model so as to
minimize the difference between the predicted and measured responses. However,
contrary to expectations, it was found that elimination of the mismatch in the time
histories was not sufficient to guarantee unique identification (ref. 4). Also a preliminary
study revealed that by properly locating the sensors, one can obtain unique identification.

The objective of this effort is to develop and test by computer simulations a methodology
for optimally locating sensors in a large space structure so as to enable unique
identification of its structural model.

Problems With Current Techniques

* |dentification Problem is in General ill Posed
* Large Number of Sensors Required
* Large Amount of Data Generated

|Issues Addressed in Current Effort

* Optimal Sensor Location for Unique Identification
* Minimum Number of Sensors Required
* Data Compression Techniques to Alleviate Data Handling

* Numerical Studies to Assess the Efficacy of Methods Proposed

Figure 13.
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MODELING AND CONTROL OF FLEXIBLE STRUCTURES

Recent. research in control system theory showed that in feedback systems with a time
delay in the feedback loop (regardless of how small the delay may be), there is a potential
of instability in the system (ref. 5). Since the-delay in the feedback loop could be caused
by sensors, actuators or control electronics, this is of concern in many control systems.
Another question which has currently received a lot of attentior is at what stage of the
control system design process a truncated model of the distributed system adequate.
Numerous examples are available to demonstrate that a truncated finite element model

which is fully adequate for deterimining the open loop system response is inadequate for
control system design.

This program is addressing the issue of modeling and control of distributed systems with
delay and inherent structural damping. The modeling approach involves starting out with
the necessary partial differential equations without modal truncation. The control
problem is then formulated and its "solution" determined without introducing any
approximations. The system is then truncated so as to numerically calculate the time
varying gains (for details of the method see ref. 5). This effort will also address the
question of the feasibility of developing a general purpose computer program which can
implement the methodology.

Issue

Potential of Instability in Feedback Systems Due to Time Delay
in Sensors & Actuators

* Potential of Instability Regardless of the Magnitude of Delay
* Addition of Damping Tends to Reduce Instability

Current Program

* Investigate Modeling & Control of Distributed System with
Delay and Structural Damping

* Develop Damping Models for Adequately Modeling Joints

* Feasibility of a General Purpose Computei Program

Figure 14.
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Divisions of the Flight Dynamics Laboratory

The Flight Dynamics Laboratory (FDL) is one of four Air Force, Wright
Aeronautical Laboratories (AFWAL) and part of the Aeronautical Systems
Division located at Wright-Patterson AFB, Ohio. The FDL is responsible
for the planning and execution of research and development programs in
the areas of structures and dynamics, flight controls, vehicle equipment/
subsystems, and aeromechanics. Some of the areas being researched in the
four FDL divisions are as follows: large space structures (LSS)
materials and controls; advanced cockpit designs; bird-strike~tolerant
windshields; and hypersonic interceptor system studies. Two of the FDL
divisions are actively involved in programs that deal directly with LSS
control/structures interaction: the Flight Controls Ilvision and the
Structures and Dynamics Division.

Flight Controls Division Areas of Research

The Flight Controls Division has several programs that address control/
structures interaction technology for large space structures. These
programs include pointing and shape control studies for large (100-meter)
radar systems and robust control systems development. Research is
performed in advanced controls/fighter technology integration, attitude
and trajectory control for hypersonic vehicles, advanced cockpit designs,
and flight simulator technology.

Structures and Dynamics Division Areas of Research

Some of the technology areas being developed in the Structures and
Dynamics Division are advanced composite ailrcraft and spacecraft
structures, cast aluminum structures technology, stores/aircraft flutter
testing, and structures/dynamics/controls interaction. Programs have
also been developed to research LSS control hardware, passive and active
vibration control, suspension systems, and design optimization.




Large Space Structure Concept

Many defense systems have been proposed that incorporate space based
structures an order of magnitude larger than those in orbit today. With
the tremendous size and adverse enviromnment associated with these systems
come many challenges to the design and test engineers. Weight
limitations imposed on LSS designs have made them much less rigid. This
high flexibility combined with low damping results in structures very
sensitive to disturbance forces. The structural precision required by
many proposed missions creates the need for passive and active control
systems. In the figure below is a space—based laser system concept whose
flexibility, required precision, and size (approx. 15-m dia.) necessitate
the use of combined passive and active control systems and specialized
ground test procedures.
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Technology Drivers

Development of large space structure control systems is hampered by the
difficulty of the necessary performance validation ground tests. While
some systems are too large for full-scale testing and/or do not lend
themselves well to scaling techniques, the dynamics of a system on the
ground may be radically changed when placed in orbit. The microgravity,
low atmospheric pressure, thermal cycling environment of earth orbit
produce material property changes and unique structural loads that may
degrade control system performance. What is needed are technologies that
allow earth-bound development and testing of LSS control systems to
ensure reliable on-orbit system performance. The figure below
illustrates some of the LSS technology drivers.

LARGE SIZE

o SCALING LAWS
» GROUND TEST TECHNIQUES

FLEXIBILITY
e ACTIVE & PASSIVE CONTROL

HIGH PERFORMANCE
* CONTROL / STRUCTURE OPTIMIZATION

ENVIRONMENT

o ADVANCED MATERIALS
o UNIQUE CONTROL HARDWARE
» GROUND TEST FACILITIES




Technical Issues Addressed by Flight Dynamics Laboratory

The Flight Dynamics Laboratory has developed several programs that

address the challenging dynamics issues presented above.

In the figure

below is a chart illustrating the application of FDL programs to the
development of the required techmology areas.
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Basic Research Objectives

Several basic research programs are underway in the areas of
optimization, analysis, and control algorithm development. Optimal
control and estimation methods for discrete structural systems and
modeling exrors and their effect on the robustness of control/structures
interaction are being studied and the structural dynamics and controls
disciplines are being integrated for optimum structures in the space
environment. Algorithms for structural optimization, precision pointing,
shape control, and vibration suppression are being developed as well.
The figure below summarizes the objectives for these programs.

OBJECTIVES

e DEVELOP OPTIMAL CONTROL METHODS
o ESTIMATE MODELING ERRORS AND THEIR EFFECTS

e INTEGRATE DYNAMICS AND CONTROLS
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Basic Research Spacecraft Model

Many analytical spacecraft models have been used in the basic research
programs. Shown in the figure below is one such model, the Draper Model
#2. This model was developed for the Defense Advanced Research Projects
Agency (DARPA) Active Control of Space Structures (ACOSS) program. In
this model a flexible metering truss, approximately 22 x 20 meters,
supports primary, secondary, and tertiary mirrors and the focal plane
array. Attached to this structure is an equipment platform with solax
arrays. The primary objective was to meet stringent line-of-sight and
jitter control requirements by applying modern control techniques and
state-of-the art hardware concepts.
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Large Spacecraft Pointing and Shape Control

The objective of the Large Spacecraft Pointing and Shape Control program
is to develop an integrated control system for a realistic large
(100-meter) space antenna for controlling slewing, pointing, shaping, and
vibration of the structure. General Dynamics, Convair Division, has
defined mission drivers and environmental factors, performed control
trade-off studies, and developed control algorithms for a realistic large
flexible space antermma. The figure below summarizes the objective,
approach, and payoffs of this program.

OBJECTIVE:

 DEVELOP INTEGRATED CONTROL SYSTEM FOR REALISTIC SPACE ANTENNA
CONTROL SLEWING, POINTING, SHAPING AND VIBRATION

APPROACH:

o MODEL REALISTIC ANTENNA AND ACTUATOR | SENSORS
- STRUCTURE-LIMITED ANTENNA MODEL
o DEVELOP CONTROL ALGORITHMS

e PERFORM CONTROL TRADE-OFFS

PAYOFF:

o SHAPE CONTROL OF ANTENNA VERIFIED
e OPTIMIZED SUPPORTING TRUSS

< T v e o



Antenna Configuration

The figure below shows the configuration of the antenna model used in the
Large Spacecraft Pointing and Shape Control program. The antenna dish is
over 100 meters in diameter with a 110 meter support mast. Lengthy trade

studies were performed to determine the optimal mix of the system
parameters.
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Robust Control for Large Space Antennas

‘ Robust Control for Large Space Antennas is a two-year effort contracted

' to Honeywell Systems Research Center to assess the benefits of robust
control design for pointing and shape control of large space antennas for
both structured and unstructured uncertainty. Using the 100-meter
geodetic truss reflector developed in the Large Spacecraft Pointing and
Shape Control program as the baseline antenna configuration,
performance/robustness measures were developed. A Linear Quadratic
Gaussian/Loop Transfer Recovery (LQG/LTR) control algorithm was designed
and the performance/robustness was analytically verified. The figure
below gives a brief description of the objectives, approach, and paycffs
of this program.

OBJECTIVES:

e ASSESS BENEFITS OF ROBUST CONTROL DESIGN
~ » EVALUATE CONTROLLER PERFORMANCE

APPROACH:

e USE REALISTIC SPACE ANTENNA DESIGN
e DEVELOP PERFORMANCE | ROBUSTNESS MEASURES

PAYQFFS:

» |MPROVED POINTING AND SHAPE CONTROL
e GUIDELINES FOR ACHIEVING PERFORMANCE | STABILITY ROBUSTNESS
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Antenna Design

The figure below illustrates the antenna design used in the Robust

Control for Large Space Antennas program.

of the major dimensions.

Given in the figure are some
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Large Space Structures Technology Program

The Large Space Structures Technology Program {(LSSTP) was created to
address many of the LSS control challenges and develop an in-house
capability for LSS test and analysis. The objectives, approach,

and payoff of the LSSTP are given in the figure below.

OBJECTIVES:
« DEVELOP TEST AND ANALYSIS CAPABILITY

APPROACH:

o CONTROLS-DESIGNED STRUCTURES TESTS
- PASSIVE DAMPING STUDIES
- ACTIVE VIBRATION CONTROL TESTS
* HARDWARE DEVELOPMENT
- LIGHTWEIGHT PROOF MASS ACTUATORS
- NONINTERFERING SENSORS

PAYQFFS:

o VERIFY ANALYTICAL ALGORITHMS
o VERIFY GROUND TEST TECHNIQUES
¢ EVALUATION OF ACTUATORS AND SENSORS




Program Schedule

The figure below illustrates the time schedule for the various activities
associated with the Large Space Structures Technology Program beginning
with the facility development started in FY 85. Within the program are
subtasks to develop the LSS testing capabilities of the facility, develop
low-restraint suspension systems, and perform controls experiments on a
set of structures that progress in complexity. Tests of active vibration
control have been completed for a simple cantilever beam and will
progress to a more complex and realistic large space structure test
article. Intermediate complexity test articles are now being tested
which include a cantilever beam with rotary inertia and a set of two
12-meter damped and undamped truss structures. Fifth-scale models of the
NASA-Langley Control of Flexible Structures program (COFS) 60-meter Mast
beam will also be tested.
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Dynamics Testbed Structure

The figure below shows a forty-foot truss structure fabricated from PVC
tubing used in the facility development portion of the LSSTP. The
structure was used to test and develop sensing, actuation, and data
analysis equipment and methods. The 40-foot truss testbed is shown
located in the large chamber of the Flight Dynamics Laboratory Sonic
Fatigue Facility. Designed for the vibration and acoustic testing of
iarge aircraft and missiles, the chamber is over 12 meters high, 17
meters wide, and 21 meters long. With its large size and excellent data
gathering and analysis equipment, the facility is ideal for large space
structures testing.
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Large Space Structures Active Vibration Control

The objectives of Large Space Structures Active Vibration Control program
are to verify and extend the results of laboratory control tests. Through
ground tests of a fifth-scale version of the NASA-Langley Control of
Flexible Structures (COFS) 60-meter deployable beam, one-g test
procedures will be developed and verified. Active and passive control
techniques will be tested on the scale beam in the AFWAL test facilities
and the results will be validated with data from the shuttle flight tests
of the full-scale hardware. The figure below summarizes the objectives,
approach, and payoffs of this program.

CBIECTIVE:
e VERIFY AND EXTEND LABORATORY CONTROL TESTS

APPROACH:

 (OOPERATIVE EFFORT WITH NASA-LANGLEY SPACE TEST PROGRAM
1/5-SCALE MAST MODEL TESTED IN AFWAL LABORATORY

PAYQFFS:

 OBTAIN LOW-COST SPACE TEST EXPERIENCE AND DATA
» VERIFY 1-g, 1 ATMOSPHERE LARORATORY TEST RESULTS
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Deployable Space Beam

The figure below shows a truss structure being deployed from the space
shuttle cargo bay as will the 60-meter Mast beam in the NASA-Langley
Control of Flexible Structures program. The Large Space Structures
Active Vibration Control Program will perform ground tests of active and
passive control of damped and undamped fifth-scale Mast beams and
validate the tests through comparison with the space test data.




Vibration Control of Space Structures (VGOSS II)

Vibration Control of Space Structures (VCOSS II) is a cooperative program
between the Structures. and Dynamics Division and the NASA Marshall Space
Flight Center to develop and demonstrate actuator and sensor hardware for
flexible-mode control of a space structure in the presence of dynamic
disturbances. In this 28-month contract, TRW developed a set of linear
proof-mass actuators and optical position sensors to control a 45-foot
Astromast space structure suspended vertically in the NASA-Marshall
Ground Test Verification Facility. The Astromast is a spare magnetometer
boom identical to the ones used on the Voyager and Mariner spacecraft.

The objectives, approach, and payoffs of the VCOSS II program are listed
in the figure below.

OBJECTIVES:

e DEVELOP LAB HARDWARE TEST TECHNIQUES
e OPTIMIZE CONTROLS / STRUCTURE INTERACTION

APPROACH:

o DESIGN AND BUILD IMPROVED SENSORS AND ACTUATORS
- 2.1 POUND FORCE PROOF-ACTUATORS
- LASER-OPTIC SENSOR SYSTEM

e TEST CONTROL SYSTEM ON 40-FOOT ASTROMAST STRUCTURE

PAYOFFS:

o DEVELOPMENT OF IMPROVED ACTUATOR [ SENSOR HARDWARE
o LIGHTWEIGHT ACTIVELY CONTROLLED STRUCGTURES
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Linear Proof-Mass Actuators

Linear proof-mass actuators and optical sensors were developed in the
Vibration Control of Space Structures program. Shown in the figure below

is one of the linear proof-mass actuators with attached mounting bracket
and LVDT compensation sensor.




Active Control Evaluation for Spacecraft (AGCES)

Active Control Evaluation for Spacecraft (ACES) is a DOD and NASA funded,
cooperative AFWAL/Air Force Weapons Laboratory and Marshall Space Flight
Center program to assess leading techniques for LSS flexible mode
control., 'The control testing will be performed in the NASA-Marshall test
facility using the Astromast structure and the VCOSS II actuator and
sensor hardware. The control techniques to be tested are Harris' Maximum
Entropy/Optimal Projection (ME/OP), Lockheed’'s High Authority/Low
Authority Control (HAC/LAC), and TRW's Positivity. Below are the program
objective, approach, and payoff.

OBJECTIVE:
o ASSESS LEADING TECHNIQUES FOR FLEXIBLE MODE CONTROL

APPROACH:

e USE VCOSS I DEVELOPED CONTROL HARDWARE
e |MPLEMENT AND TEST ON SPACECRAFT ANTENNA AND FEED MAST

PAYOFF:
» SELECTION OF OPTIMAL CONTROL TECHNIQUE
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Modified Astromast Structure

The flexible spacecraft model used in the Active Control Evaluation for
Spacecraft program is the Astromast structure used in the VCOSS II
program with added offset antenna dish and feed. An artist’s rendering
of the test structure is shown in the figure below.
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Development of Precision Structural Joints for Large Space Strxuctures

Development of Precision Structural Joints for Large Space Structures is
a program contracted to General Dynamics Convair Division for the
development of design data on dimensionally stable, zero free-play,
enhanced high energy laser survivable joints for large space structures.
Innovative designs of low thermal response materials (composites) will be
Geveloped and joint strength/stiffness, free-play, thermal response, and
dimensional precision will be validated. The objective, approach, and
payoff of this program are shown in the figure below.

OBJECTIVE:
o DEMONSTRATE LIGHTWEIGHT, THERMALLY STABLE JOINTS

APPROACH:

» HARDWARE DESIGN

- 2 JOINT DESIGNS

- 2 MATERIAL COMBINATIONS

- MULTIPLE MEMBER JOINTS
o HARDWARE TESTS

- LOADS

- THERMAL STABILITY

- FREE PLAY

PAYOFF:
o DESIGN CRITERIA DEVELOPED FOR SPACE STRUCTURE JOINTS

61




Joint Installed on SADE Beam

Development of Precision Structural Joints for Large Space Structures
program baselines for joint design development are the contractor’s
GEO-truss antenna fitting and three joints from the NASA Marshall
Structural Assembly Demonstration Experiment (SADE) lineaxr beam. Two
designs, a graphite/aluminum GEO-truss antemna fitting and a
carbon-carbon nodal fitting from the SADE beam, were selected for
fabrication., The SADE beam is shown deployed in the figure below. In
the left foreground is one of the joints developed in this program.
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Passive and Active Control of Space Structures (PACOSS)

Passive and Active Control of Space Structures (PACOSS) is an advanced
development program being conducted by Martin Marietta Denver Aerospace
under sponsorship by the Flight Dynamics Laboratory and the Strategic
Defense Initiative Organization. The program approach is to determine
the dynamic challenges of future large precision space systems, develop
structural concepts which incorporate and integrate passive damping with
the active control system, and fabricate and test a dynamic test article
which incorporates che damping technology. The PACOSS objectives and
goals are to demonstrate the benefits of passive structural damping
technology to the dynamic periormance of large precision space
structures, =chieve 50% reduction in settling time following retargeting,
90% reduction in line of sight jitter, and significant reduction in cost
and complexity of active vibration control systems. The figure below
summarizes the program cbjective, approach, and payoffs.

OBJECTIVE:
o DIMENSITNAL PRECISION THROUGH PASSIVE DAMPING

APPROACH:
e DESIGN, FABRICATE AND TEST A REPRESENTATIVE SPACE STRUCTURE

PAYOFES:

e 30% REDUCTION iN LINE-OF-SIGHT JITTER
e 50% REDUCTION IN SETTLING TIME AFTER MANEUVER
o SYNERGISTIC EFFECT ON ACTIVE-CONTROL SYSTEM

63




64

Dynamic Test Article

One of the PACOSS dynamic test articles consists of a large box and ring
truss with attached solar arrays and tripod secondary support which
represent structural components from a variety of pronosed large space

structures. This structure is shown in the artist’s concept in the figure
below.

I



Technology Needs

Experience in applying active control to large flexible space structures
has indicated that there are several technology needs that must be
addressed. Listed in the figure below, these needs are high force low
mass actuators; lightweight, high sensitivity sensors; efficient, vobust
controllers; lightweight structures; and space test experience. Future
developmental programs should be focused on these issues.

HIGH FORCE | LOW MASS ACTUATORS

LIGHTWEIGHT, WIDEBAND SENSORS

EFFICIENT, ROBUST CONTROLLERS

LIGHTWEIGHT STRUCTURES

SPACE TEST EXPERIENCE
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ACTIVE CONTROL EVALUATION FOR SPACECRAFT (ACES)

J. Pearson and W, Yuen
Air Force Wright Aeronautical Laboratories
Wright-Patterson AFB, CH

First NASA/DOD CSI Technology Conference
November 18-21, 1986
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THE LARGE SPACE STRUCTURE CONTROL PROBLEM

Historically, spacecraft have been relatively small and stiff, with
alignment and pointing performed by rigid-body techniques. Because of new
requirements for large space structures {high-resolution radars and
antennas, large optics, and lasers) requiring accurate pointing and
tracking, flexible-body control methods must be used. Figure 1 is an
artist's illustration of a representative spacecraft with an offset-feed
antenna that will require active control of the alignment of the feed

mast. The Air Force goal is to develop vibration control techniques for
large flexible spacecraft by addressing sensor, actuator, and control
hardware and dynamic testing. The Active Control Evaluation for Spacecraft
(ACES) program will address the Air Force goal by looking at two leading
control techniques and implementing them on a structural model of a flexible
spacecraft under laboratory testing.

Figure 1




ACTIVE CONTROL OF SPACE STRUCTURES (ACOSS) STUDIES

The control techniques that will be studied in this program were initially
investigated in the Active Control Of Space Structures ?ACOSS) program
sponsored by Defense Advanced Research Projects Agency (DARPA). The ACOSS
program started in 1978; in six years it involved eighteen contracts and
seven major contractors to develop and demcnstrate the technology to
suppress vibration in large space structures. The control goal was to
meet the stringent line-of-sight and jitter control requirements of
representative spacecraft. Various experiments with beams, plates,
trusses, and frame structures were conducted using damping augmentation
and elastic mode control. Disturbance models were developed, sensors and
actuators were surveyed, and system identification studies were performed
(Figure 2). The ACOSS studies were chiefly analytical, with limited
laboratory testing. The leading techniques resulting from this program
were High Authority Control/Low Authority Control (HAC/LAC), Positivity,
and Filter Accomodated Model Error Sensitivity Suppression (FAMESS).

VIBRATION

ENVIRONMENTAL
l CONTROL

‘ SENSORS

o ANALYTICAL DEVELOP ACTIVE
CONTROL CONCEPTS

- LOW FREQUENCLES
AGTUATORS - SPACECRAFT MODELS
- CONTROL ALGORITHHM

o SLEWING AND ENVIRONMENTAL
DISTURBANGES

¢ QUANTIFYING POINTING
PERFORMANCE

SLEWING INTERNAL
- VIBRATION

Figure 2
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VIBRATION CONTROL OF SPACE STRUCTURE (VCOSS) HARDWARE

The VCOSS I program extended the ACOSS program by applying modern control
techniques and state-of-the-art hardware concepts to the Draper Model two
structure developed under ACOSS. The VCOSS II program was a cooperative
effort bétween the NASA Marshall Space Flight Center (NASA-MSFC) and the
Air Force Wright Aeronautical Laboratories (AFWAL) to build
state~of-the-art control hardware (optical sensors and Tinear proof mass
actuators) and apply it to a laboratory test structure consisting of a
modified Astromast (Figure 3). The hardware was tested at the NASA-MSFC
Ground Test Verification Facility. TRW developed the control hardware and

Control Dynamics Company developed the test structure for the VCOSS 11
program (Refs. 1-3).
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ACES PRCGRAM DEVELOPMENT

With the analytical work and control hardware development completed under
ACOSS and VCOSS, the next step was to utilize the available structure and
hardware for comparing the control techniques. The Strategic Defense
Initiative Organization (SDI0) was interested in evaluating the relative
control performance of the techniques on the same structure and
sensor/actuator hardware. The Active Control Evaluation for Spacecraft
(ACES) program is designed to carry out this evaluation in a cooperative
DOD/NASA effort (Figure 4). A portion of the ACES work will be
contracted to Control Dynamics Company, who will prepare the structural
hardware and control algorithms for testing in the Marshall facility.

FY 80 | 81 | 82 | 83 | 84 | 85 | 86 | 87
AGOSS
(DARPA)
VCOSS I VCOSS 1I
(DARPA, AFWAL) (AFWAL, MSFC)
ACES
(SDI10, AFWL,
MSFG, AFWAL)

Figure 4
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PROGRAM OBJECTIVES

The objective of ACES is to assess leading control techniques for large
space structure vibration control (Figure 5) using a common structure and
fixed configuration of sensors and actuators. These control techniques
will ba implemented in hardware and tested on the modified VCOSS structure
with optical position sensors and proof mass actuators. The control
objective is to minimize a line-of-sight pointing error between the
structure's offset antenna and the end of the feed mast structure.

e IMPLEMENT AND ASSESS LARGE SPACE STRUCTURE CONTROL DESIGN TECHNIQUES

o TEST THE CONTROLLERS IN THE NASA-MSFC LSS GROUND TEST VERIFICATION
(GTV) FACILITY

e MINIMIZE LINE-OF-SIGHT POINTING ERROR BETWEEN STRUCTURE'S ANTENNA AND
FEED MAST

Figure 5




ACES STRUCTURE

For the ACES .program, the VCOSS structure is configured with an

offset antenna and counterbalance arm weights (Figure 6). The 13-meter
truss structure is cantilevered vertically from a hydraulic shaker table
and gimbal motors. Truss members are made from fiberglass and are
connected such that a helical triangular cross section truss is created;
the truss supports only tension loads. There are two bays, located at the
midpoint and free end of the structure, for placement of control
actuators. A laser source is mounted at the top of the structure and
aimed at a mirror on the offset antenna; the reflected beam will be used
as feedback by the controller to reduce the jitter to less than a
specified line-of-sight error between the antenna and the end of the feed

mast.
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Figure 6
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PROGRAM APPROACH

The first phase in the ACES program is to review and to assess the HAC/LAC
and FAMESS control techniques for testing on the modified VCOSS structure
(Figure 7). Appropriate sensors and actuators will be available for use
with both techniques; locations will be the same for both techniques. The
control actuators will be positioned at the midpoint and free end of the
structure. The laser source for the optical sensor is mounted on the feed
mast. The beam will be reflected from a mirror on the offset antenna onto
the detectors mounted above the shaker table bay. The next phase is to
develop an analysis simulation with the control algorithms implemented for
dynamics verification. The third phase is to convert the control laws
into high level computer language and test them in the NASA-MSFC facility.
The final phase is to compile all analytical and test results for
performance comparisons,

REVIEW AND ASSESS PROPOSED TECHNIQUES FOR TESTING ON VCOSS II STRUCTURE
SUPPORT DESIGN, FABRICATION, AND INSTALLATION OF NECESSARY HARDWARE
APPLY TECHNIQUES TO STRUCTURAL MODEL USING VCOSS I1 SENSORS AND ACTUATORS
DEVELOP A GENERIC SIMULATION TO EVALUATE PERFORMANCE OF CONTROL LAWS

COMPILE ALL ANALYTICAL AND TEST RESULTS FOR PERFORMANGE CUMPARISON

Figure 7




ACES SENSORS

The optical displacement sensors were developed in the VCOSS program
and consist of two components: the laser source and the two-axis decenter
receiver (Figure 8) '

Figure 8

75




prep———

76

ACES ACTUATORS

The actuators were also developed under the VCOSS program. Each unit
consists of a modified 1inear motor with the coil anchored on the

structure and the magnet supported¢ on a shaft and allowed to slide freely
(Figure 9).

Figure 9




ACES CONTROL HARDWARE

Major components of the control hardware will be provided by NASA-MSFC.
Existing hardware set up at the NASA facility for the testing includes a
shaker table from uhich the structure is suspended, three-axis base
accelerometers and gyros, and three-axis tip accelerometer and rate gyros
(Figure 10), The base shaker table will be used to apply the two
disturbance spectra to the ACES configured structure. A disturbance
signal generator, gimbal torque amplifiers, and a system health monitor
will be tied intoc a Hewlett Packard 9020 computer that is dedicated to
control. The HP 9020 is also 1inked with NASA's mainframe COMSEC computer,
Additional equipment to be added are bidirectional cold gas thrusters, an
optical detector system, and two gimbal systems.

SYSTEM CONSOLE

POWER SUPPLY

DISTURBANCE SIGNAL GENERATOR
GIMBAL TORQUE AMPLIFIERS

SYSTEM HEALTH MONITOR

MODIFIED ASTROMAST

HEWLETT PACKARD 9020

COSMEC 1

Figure 10
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HIGH-AUTHORTTY/LOW-AUTHORITY CONTROL TECHNIQUE

The HAC/LAC control technique, developed by Lockheed, addresses the
particular problem of instabilities in the system created by spillover

(Figure 11).

modes,

approaches

this problem on two Tevels.

Spillover is the interaction of the controller with unmodeled
The control design must not destabilize.poorly known high
frequency modes while controlling the low frequency modes.

HAC/LAC

The HAC design incorporates high

damping over a Tow bandwidth to meet performance goals; this is a

frequency-shaped extension of LQG methods.

The second level, the LAC

design, incorporates low damping over a high bandwidth to eliminate

spillover-induced instabilities (Ref. 4).

IMPROVED
DAMPING

HAC EFFECTS
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UNSTABLE
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...............
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LAC = FREQUENCY —>

INTEGRATED HAC/LAC
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HIGH AUTHORITY

* LARGE DAMPING RATIO CHANGES

* EIGENVECTOR CHANGES

o LQG SYNTHESIS WITH FREQUENCY SHAPING
o ENHANCED CONVENTIONAL LQG ROBUSTNESS

LOW AUTHORITY

* BROADBAND DAMPING AUGMENTATION
* ROBUST AGAINST MODELING ERROR

o GIMPLIFIED SYNTHESIS (LEAST SQUARES,
JACOBI'S PERTURBATION)
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POSITIVITY CONTROL TECHNIQUE

The Positivity method, developed by TRW, addresses the stability of
control system designs based on inaccurate structural models (Figure 12).
The Positivity theorem requires that the plant matrix be positive real and
the controller matrix be strictly positive real for a stable system. To
be positive real, the real part of a transfer function as a function of
frequency is always greater than or equal to zero. To be strictly
positive real, the real part is always greater than zero. The positivity
of a system is determined either in the time or frequency domain. The
time domain test uses B.D.0. Anderson's positivity criterion. Application
of this test results in the observation that the transfer matrix of the
plant is positive real if ideal colocated sensors and actuators are used.
Actuator and.sensor dynamics are difficult to include with this test,
unless a frequency domain test is used, If the plant matrix is determined

to be non-positive, an embedding operator must be incorporated to make the
plant matrix positive (Ref. 4).

DESIGN STEPS: 1. ENSURE PLANT MATRIX IS POSITIVE REAL

2. DESIGN CONTROLLER MATRIX THAT IS STRICTLY POSITIVE
REAL

APPLY POSITIVITY FOR CONTROL SYSTEM DESIGN

SYSTEM S IS ASYMPTOTICALLY STARLE IF ONE OF G OR H IS STRICTLY
POSITIVE REAL AND THE OTHER IS POSITIVE REAL

CTLR PLANT

r(t) ) | y{t)
H G{s
-i (s (s) SYSTEN §

ENSURE THAT G(s) IS POSITIVE REAL

DESIGN H(s) TO BE SYSTEM S IS ASYMPTOTICALLY
STRICTLY POSITIVE REAL STABLE

Figure 12
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DISTURBANCE SPECTRUM
A disturbance spectrum that would excite all the vibration modes cf

interest was developed in the ACOSS program and will be used in the
ACES effert (Figure 13).

2500 Nle?} 25gp N [ Hz 2500 N2 | Hz

r

N2 | Hz 40.0 N2 | Hz

.05 Hz 8+1 10Hz 15 Hz 20 Hz
i

Figure 13




CONTROL CRITERIA

The goal of this test is to have the controller minimize line-of-sight
error between the antenna and the feed mast (Figure 14). In minimizing
this error, several criteria will be considered in evaluating each
technique's performance. These will include total reduction of
1ine-of-sight error, computational efficiency (meeting the speed and
memory requirements of the avajlable digital system), ana robustness
(controller performance for off-optimum structural parameters). These
criteria will be applied to both disturbance spectra.

e MINIMIZE ANTENNA/FEED MAST LINE-OF-SIGHT POINTING ERROR

» DETERMINE FERFORMANCE OF CONTROL TECHNIQUES:
—ROBUSTNESS

—~ COMPUTATIONAL EFFICIENCY

Figure 14
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PROGRAM RESULTS

The results of this evaluation will give & better understanding of the
trade-offs involved with each control technique (Figure 15). With the
number and Tocation of sensors and actuators fixed and the control goal
specified, @ good evaluation of the techniques can be performed.

By eliminating particular sensors or actuators and observing how

well the control techniques respond to this change in the system,
robustness will be determined. The control design must meet the
requirements of the digital system in terms of computational speed and
memory capacity. The effects of sampling and computational lags should
also be accounted for by the control technique. The degree of
Vine-of-sight error correction will determine the limits of control
technique capability with the available hardware.

e BETTER UNDERSTANDING OF CONTROL TECHNIQUE TRADE-OFFS

o ROBUSTNESS, COMPUTATIONAL EFFICIENCY, AND PERIFORMANCE OF
TECHNIQUES DETERMINED

* A COMPARISON OF THE TECHNIQUES PERFORMED

Figure 15




PROGRAM APPLICATIONS

The payoff from this program will be twofold. Capabilities of these
control techniques will be better understood, and these techniques may
then be applied to specific control problems in other programs (Figure
16). The Air Force Weapons Laboratory plans to use the results of this
program in determining a control technique for their Joint
Optics/Structures Experiment (JOSE) program. AFWAL plans to incorporate
one of the ACES techniques into the Large Space Structure Active Vibration
Control program and into their in-house Large Space Structure Technolcgy
Program. The results from the ACES evaluation will also increase the
confidence in each technique.

FY 86 | 87 | 88 | 89 | 90

JOSE
(AFWL)

| AGES

LSS AGTIVE VIBRATION CONTROL
(AFWAL)

I LSSTP
(AFWAL)

Figure 16
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INTRODUCTION

Many future civiiian and military large space structures (LSS) will have as
performance objectives stringent pointing accuracies, short settling times,
relatively fast response requirements, or combinations thereof. Many of these
structures will be large, light weight, and will exhibit high structural modal
density at low frequency and within the control bandwidth. The attainment of the
performance objectives will be a challenge to the controls engineer.

Although it 1is possible in principle to achieve structural vibration control
through purely active means, experience with complex structures has shown that the
realities of piant model inaccuracies and sensor/actuator dynamics frequently
combine to produce substandard performance.

A more desirable approach is to apply passive damping technology to reduce the
active control burden. Development of the technology to apply this strategy is the
?bjective)of the PACOSS (Passive and Active Control Of Space Structures) program

Figure 1).

0  FUTURE LARGE SPACE STRUCTURES (LSS) WILL REQUIRE STRUCTURAL VIBRATION
CONTROL TO ACHIEVE PERFORMANCE GOALS

O  VIBRATION DAMPING MAY BE ACHIEVED BY PASSIVE OR ACTIVE MEANS, OR BOTH

0 MAJOR GOALS OF PACOSS PROGRAM

- DEMONSTRATE ROLES OF PASSIVE AND ACTIVE CONTROL FOR FUTURE LSS

- DEVELOP MEANS OF PASSIVE VIBRATION CONTROL
- EXPERIMENTALLY VERIFY DAMPING PREDICTIONS AND CONTROL ALGORITHMS

Figure 1
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OUTLINE

A key element in the PACOSS program is the Representative System Article
(RSA). The RSA is a generic "paper" system that serves as a testbed for damping
and controls studies. It also serves as a basis for design of the smaller Dynamic
Test Article (DTA), a hardware testbed for the laboratory validation of analysis
and design practices developed under PACOSS. These topics will be discussed in
greater detail (Figure 2).

0  PACOSS REPRESENTATIVE SYSTEM ARTICLE (RSA)
0  PASSIVE/ACTIVE CONTROL STUDY

0 PACOSS DYNAMIC TEST ARTICLE (DTA)

0 DTA TEST PLAN AND STATUS

0  COMCLUSIONS

Figure 2
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RSA PURPOSE

The PACOSS program is generic in nature in that the damping technology being
developed applies to a broad spectrum of future LSS. The RSA must contain the
dynamic characteristics to be found in future systems, including the dense modal
spectrum. It should contain substructures found in future LSS concepts to permit
direct application of damping treatments and devices developed under PACOSS to real
future systems.

The RSA also serves as the link between the DTA, the hardware test article,
and future LSS. Concepts tested and validated under 1-g conditions can be
evaluated under on-orbit conditions by applying proven designs to the analytic RSA
model (Figure 3).

0  TRACEABLE TO REAL FUTURE SPACE SYSTEMS
- CONTAINS SURSTRUCTURES FOUND ON FUTURE LSS

- CONTAINS HIGH MODAL DENSITY AND ASSOCIATED DYNAMICS PROBLEMS OF
FUTURE LSS

0  GENERIC STRUCTURE FOR ANALYTIC DEMONSTRATION OF VARIOUS CONTROL
APPROACHES

0 SERVES AS A LINK BETWEEN FUTURE LSS AND THE DYNAMIC TEST ARTICLE
(HARDWARE)

Figure 3
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REPRESENTATIVE SYSTEM ARTICLE (RSA) DESIGN

The utility of the RSA concept is in direct proportion to the number of future
systems that it represents. To obtain a broad base for the design, the Military
Space Systems Technology Model (MSSTM) and the corresponding NASA document (NSSTM)
were examined to determine which structures and missions would benefit from passive
damping technology (Reference 1). In all, it was determined that 13 future military
systems and six future NASA systems would benefit from the application of passive
augmentation (Figure 4).

0  REVIEW MILITARY SPACE SYSTEMS TECHNOLOGY MODEL AND NASA EQUIVALENT
O  DETERMINE SYSTEMS REQUIRING STRUCTURAL VIBRATION CONTROL

O  DETERMINE WHICH DYNAMIC CHARACTERISTICS ARE GENERIC AND IMPORTANT FOR
FUTURE LSS

0  INCORPORATE THESE DYNAMIC CHARACTERISTICS INTO RSA DESIGN

— ,
MSSTM \\\ » NSSTM

13 MISSIONS/SYSTEMS 6 MISSIONS/SYSTEMS

RSA

Figure 4
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RSA COMPONENT SUMMARY

The substructures comprising the RSA and their respective sizes are shown in
Figure 5, as well as some of the applicable future systems. It should be noted
that the ring truss is the "hardback" for the system, and as such was not
considered for passive damping treatments.

Each of the other components is a candidate for passive damping treatments and
devices. The damping design is done at the component or substructure level, and
thus is applicable to the parent real system.
the overall system modes is determined by the damping in the substructure modes as
well as the degree of participation of the substructure modes in the system modes.

Naturally, the damping achieved in

COMPONENT DIMENSIONS, M APPLICABLE SYSTEMS
BOX TRUSS 20 x 20 x 2.5 SPACE-BASED RADAR
LARGE EARTH OBSERVING SYSTEM
SPACE STATION
RING TRUSS DIA: 22.4 GENERIC TRUSS STRUCTURE
TRIPOD DIA AT BASE: 20 SPACE-BASED L.ASER
HEIGHT: 20 LARGE DEPLOYABLE DEFLECTOR
EQUIPMENT LENGTH: 10 SPACE STATION
PLATFORM
ANTENNA DIA: § SPACE-BASED RADAR
SPACE STATION
SOLAR ARRAYS LENGTH: 20 SPACE-BASED RADAR

SPACE STATION

20

Figure 5




REPRESENTATIVE SYSTEM ‘ARTICLE (RSA)

Figure 6 is an artist's concept of the on-orbit RSA. A1l seven substructures
are shown: The overall largest dimension is approximately 60 meters.

Figure 6
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COUPLED SYSTEM ANALYSIS

The system normal modes were calculated with the Craig-Bampton technique.

Substructure normal modes below 15 Hz and all constraint modes were used in the
synthesis.

The results of the coupling produced in excess of 200 modes below 10 Hz. Many
of the modes are local in nature, but there are still 34 global modes with
significant modal strain enerrgy contained in two or more substructures (Figure 7).

0 CRAIG-BAMPTON COUPLING (FREQUENCY CUTOFF 15 Hz)

0 210 SYSTEM MODES BELOW 10 Hz

0 34 "GLOBAL™ SYSTEM MODES

F T
IS <. N
R G
' 3 gis s
TR il
yi TEiEnis s
i = JEE
N Je QiR >
< -1
BrsbSi
| 13 > DEE
s S
.,._3:_
S
Figure 7
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CONTROL SYSTEM/PASSIVE DAMPING STUDY

To demonstrate the benefits of passive damping on RSA performance and to
select target lévels for passive damping design, a simple control study was
undertaken (Figure 8 and Reference 2).

The controlled variables were system line of sight (LOS), which will be
defined on a later chart, and attitude. A 0.01 radian slew maneuver was commanded,
and the system was considered to have settled when LOS excursions remained in a
100-microradian (zero-peak) band.

The RSA is not a real system, and selection of the desired settling time is
somewhat arbitrary. It was decided to select rigid=body control torque levels
producing reasonable settling times of 3.25 seconds for the pitch (about the solar
arrays) axis and 5.0 seconds about the yaw (perpendicular to pitch and LOS) axis
for the rigid RSA. These times then became performance requirements for the
flexible system.

Various realizable levels of passive damping were designed into the system,
and active modal contiol was utilized as required to achieve the performance
goals, Total control energy for the maneuver was calculated for each passive/
active combination.

0O  CONTROL LINE OF SIGHT DURING SLEW
O  SELECT DESIRED PERFORMANCE FROM RTGID-BODY RESPONSE

0 FOR VARIOUS LEVELS OF REALIZABLE PASSIVE DAMPING, DETERMINE CONTROL
ENERGY REQUIRED TO ACHIEVE DESIRED PERFORMANCE

0 USE ACTIVE MODAL CONTROL ONLY AS REQUIRED

Figure 8
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LINE-OF-SIGHT DEFINITION

Figure 9 defines the LOS as used in this study. Note that the LOS response
due to primary reflecting surface deformation is approximated by an average of
selected rotations on the box truss.

epm.
1 ]

sm —
X

Reference Point

LOS (2 -2 -1) 2 ‘s |
= _— e + = - — - — -
fp ref 13 &) epmi 2 fp Ssm fp (Zref Zsm)flex

f = Focal length of secondary mirror
f = Focal length of primary mirror

= Relative z deflection of secondary
mirror to reference point due to
structural deformation

ref = Zsm)flex

Figure 9
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SENSOR/ACTUATOR LOCATIONS (PITCH DYNAMICS MODEL)

Figure 10 shows the sensor/actuator locations and the selection criterion
for their location. Symmetry of the structure results in pitch and yaw dynamics
being uncoupled. The ten symmetric modes with the highest gain into LOS were
retained for the pitch study, and the nine antisymmetric modes with highest gain
into LOS were retained for the yaw-axis simulation.

A nominal modal damping level of 0.2% viscous was assumed to represent the
untreated structure. It should be noted that, without additional active
augmentation, this system exhibited a mild instability due to the presence of a low
pass filter in the attitude control system, which had a 1-Hz cutoff frequency.

In the pitch case, it was determined that for low levels of passive damping,
modal control was required for six modes. As the amount of passive augmentation

was increased, the number of modes requiring active augmentation was reduced to two.

S/A n= Sensor/Actuator
Pair for Vibration
Control System

¥ <o
N Ara N \
] /*gﬁs",“‘sgﬂt\\‘ 4%
Ser S5, VAN
r ‘:ﬁ.\"?‘."“tg"hi‘sg.” -

SOTANS

Reference Sensor/Actuator of
Attitude Control System

O  IDEAL ANGULAR RATE SENSORS AND TORQUE WHEELS

O  LOCATIONS SELECTED TO GIVE (¢peL )¢ THE LARGEST DETERMINANT
0 6 S/A PAIRS REQUIRED FOR ACTIVE DAMPING ALONE

0 2 S/A PAIRS USED FOR PASSIVE + ACTIVE DAMPING ABOVE CERTAIN LEVELS

Figure 10
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LOS RESPONSE TO 0.071 rad SLEW

When designing damping treatments, the analyst utilizes the modal strain
energy (MSE) method to design a damping treatment to produce the desired amount of
damping in a target mode. There is "damping spillover" into other modes, wherein
non-target modes also receive some damping. Thus, each mode will receive in
general a different level of damping.

Figure 11 shows the LOS response for different levels of average modal damping
for the modes included in the simulation. Note that, for low levels of average
passive damping, six-mode active control was used. Higher levels required active
control of only two modes. It is obvious that the settling times for all systems
are virtually identical.

x 10

LOS rad
tpe (%)
-1 — - Rigid RSA
—— 0 6 Mode Active Control
[ XXX Y] 1.36
2.76
1.5 sasaa 5.45
00000 10.9
oooan 16.9
'2 T T T i 1
25 3 3.5 4 4.5 5
Time,s
Figure 11
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RSA PITCH DYNAMICS

The control energy requirements for the pitch-axis simulation are shown in
Figure 12, where the energy has been normalized to the value required for the 0.2%
nominally damped (untreated) system.

Two horizontal scales have been furnished. The lower scale is the average
level of passive damping for all modes in the system. This scale is of interest
for low levels of passive damping in which active augmentation is required for six
modes.

The upper scale is the average level of passive damping for the first two
modes. Above the level of passive damping for which two-mode active control is
sufficient, the response is dominated by these modes, and increasing the damping
level on the passively controlled modes produces little effect on system
performance.

The PACOSS DTA design goal was selected to be an average damping value of 5%.
At this level, the RSA requires only one third of the control energy of the
untreated system for pitch-axis contrcl. A similar study for the yaw axis resulted
in an even greater reduction.

Active Control Energy Expenditure
L 1.0 == Closed-l.oop Response Equivalent ==

. . . for Each System
Passive Damping Augmentation Y

0.8 2 Mode Control Insufficient
‘| - 2 Mode Control Sufficient
0.6 H
W
EFAQ 1 PACOSS
AC \ Design Goal
04t
S
.....'ln.
N
0.2} 'n...
<
i | | i | E'
0 2 4 6 8 10 12pC
l | | i } 1 ¢
0 3.4 8.8 13.2 17.6 22,0 °PC
Figure 12
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BENEFITS

The benefits of the passive/active control strategy on the system level are
obvious (Figure 13). With reduced sensor/actuator requirements, the system becomes
simpler, less expensive, and more reliable. Reduction in control system complexity
results in weight savings, both for the control components as well as reduced
structural strength because of the lower control torque levels. These savings,
together with increased robustness and reliability will compensate for, if not
totally offset,